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This  MURI  on  Ultracold  Atom  Science  and  Technology  began  fours  years  after  the  first 
demonstration  of  Bose-Einstein  condensation  (BEC)  in  an  atomic  vapor.  Recognizing  the 
enormous  potential  of  BEC  and  other  forms  of  ultracold  matter,  this  MURI  was  the  first  effort  in 
the  United  States  focused  on  its  practical  implications.  Two  years  after  the  start  of  this  work,  the 
2001  Nobel  Prize  in  physics  was  awarded  to  Carl  E.  Wieman  and  Eric  Cornell,  two  investigators 
on  this  MURI,  and  to  Wolfgang  Ketterle,  an  investigator  on  another,  related  MURI  team.  Since 
then,  many  honors  have  been  awarded  to  researchers  of  this  MURI  for  their  fundamental 
contributions  to  the  field  of  ultracold  matter.  And,  correspondingly,  this  MURI  work  has  played 
a  key  role  in  many  of  the  outstanding  achievements  of  the  field  over  the  life  of  the  effort. 

Here,  “cold  matter”  refers  to  a  state  of  matter  in  which  the  constituent  particles  are  extremely 
cold,  typically  well  less  than  1  mK,  but  whose  behavior  is  nevertheless  adequately  described  by 
the  laws  of  thermodynamics.  A  gas  of  alkali  atoms  can  be  readily  brought  to  these  cold 
temperatures  using  laser  cooling  techniques  developed  in  the  late  1980’s  and  early  ‘90’s  (and  for 
which  the  1997  Nobel  Prize  was  awarded.)  “Ultracold  matter”  refers  to  a  state  in  which  a 
collection  of  identical  particles  must  be  described  using  the  laws  of  quantum  mechanics,  and  the 
state  of  the  matter  itself  is  characterized  in  terms  of  a  quantum  mechanical  wavefunction. 

The  BEC  is  often  pointed  to  as  the  atom  analog  of  the  laser.  Among  other  aspects,  ultracold 
matter  has  wavelike  properties  and  “atom  optics”  provides  for  numerous  analogs  to  laser  based 
devices  and  systems.  Yet  unlike  photons,  atoms  have  mass  and  can  interact.  Moreover,  atoms 
come  in  a  large  variety  of  species,  and  depending  on  their  spin,  interact  either  as  bosons  or 
fermions,  leading  to  very  different  properties.  Thus  the  domain  of  ultracold  atoms  is  in  fact 
vastly  richer  that  that  of  light,  and  therefore  also  rather  more  intricate,  as  a  field  of  research. 

From  the  perspective  of  atom  optics,  one  can  appreciate  the  potential  of  ultracold  atoms  in 
practical  applications.  Indeed,  the  potential  utility  of  atoms  is  very  real  in  many  arenas  of  DoD 
interest.  These  include  inertial  sensing  for  guidance,  navigation,  mapping,  geo-location,  and 
gravimetry;  timing  for  frequency  standards  and  clocks;  and  magnetic  field  sensing.  As  a 
quantum  state,  ultracold  matter  has  unique  potential  in  quantum  communications  and  encryption, 
and  possibly  in  quantum  computing. 

This  MURI  has  focused  specifically  on  the  practical  aspects  of  ultracold  atoms  technology:  to 
emphasize  areas  of  research  that  clarify  the  key  principles  at  play  in  sensing  applications,  for 
example.  Moreover,  the  MURI  work  has  been  intent  on  simplifying  the  route  to  ultracold  atoms; 
to  make  for  smaller,  more  practical  systems. 

MURI-Supported  research  over  its  life  has  led  to  several  “firsts”  including  the  first  atom 
Michelson  interferometer  on  a  chip,  the  first  portable  BEC  atom  chip  system,  and  the  first 
Molecular  BEC.  It  also  led  to  substantial  progress  in  slow  light  and  related  applications  of 
electromagnetically  induced  transparency  (EIT),  including  the  stopping  of  light.  We  now 
highlight  some  of  the  work  and  findings  that  arose  in  the  final  portion  of  the  MURI  research. 

It  is  of  general  interest  to  understand  various  classes  of  nonlinear  dynamical  phenomenon  in 
BEC’s.  For  example,  L.  Hau’s  earlier  MURI-supported  work  on  slow  light  demonstrated  the 


ability  to  store  and  processes  optical  information  in  a  Bose-Einstein  Condensate.  Further  work 
has  led  to  the  experimental  discovery  of  compound  structures  comprising  solitons  and  vortex 
rings  in  BEC’s.  Hau  and  collaborators  examined  both  their  creation  via  soliton- vortex  collisions, 
and  their  subsequent  dynamical  development,  which  is  largely  governed  by  the  dynamics  of 
interacting  vortex  rings.  They  were  able  to  develop  a  theoretical  model  in  three-dimensional 
cylindrical  symmetry,  which  rather  accurately  modeled  the  observed  behavior. 

Atom  fluxes  utilized  in  typical  BEC  interferometry  experiments  are  typically  small,  on  the  order 
of  103  to  104  atoms/s.  Moreover  in  many  experiments  of  interest,  such  as  those  involving 
quantum  computing  and  QED  experiments,  utilize  a  single  atom.  Therefore  it  is  of  interest  to 
develop  very  efficient,  often  single  atom,  detectors.  Hau  and  collaborators  describe  a  novel 
single  atom  detector  that  uses  the  high  electric  field  surrounding  a  charged  single-walled  carbon 
nanotube  to  attract  and  subsequently  field-ionize  neutral  atoms.  A  theoretical  study  of  the  field- 
ionization  tunneling  rates  for  atomic  trajectories  in  the  attractive  potential  near  a  nanowire  shows 
that  a  broadly  applicable,  high  spatial  resolution,  low-power,  neutral-atom  detector  with  nearly 
100%  efficiency  is  realizable  with  present-day  technology.  Calculations  also  show  that  the 
system  can  provide  the  first  opportunity  to  study  quantized  conductance  phenomena  when 
detecting  cold  neutral  atoms  with  mean  velocities  less  than  15  m/s. 

In  other  arenas,  it  is  photons  rather  than  atoms,  that  carry  information  of  interest.  For 
applications  of  quantum  communication  and  cryptography,  sources  of  entangled  pairs  of  photons 
are  of  particular  interest.  To  this  end,  S.E.  Harris  and  collaborators  carried  out  experimental  and 
theoretical  work  showing  the  generation  of  counter-propagating  paired  photons  with  coherence 
times  of  about  50  ns  and  waveforms  that  are  controllable  at  a  rudimentary  level.  Using  cw  lasers, 
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electromagnetically  induced  transparency  and  cold  Rb  atoms  they  generated  paired  photons 
into  opposing  single-mode  optical  fibers  at  a  rate  of  12  000  pairs  per  second.  Because  they  are 
narrow  band,  paired  photons  that  are  generated  by  this  technique  should  be  useful  for 
transferring  correlated  and  entangled  momenta  to  cold  atoms. 

For  many  years,  spontaneous  parametric  down-conversion  in  nonlinear  crystals  has  become  the 
near  standard  method  for  generating  correlated  and  entangled  photon  pairs.  These  paired  photons 
are  routinely  used  in  areas  such  as  quantum  measurement,  imaging,  and  information  transfer. 
The  existing  sources  of  paired  photons  have  limitations  for  certain  applications:  (a)  their 
linewidth  is  too  broad,  and  their  spectral  brightness  is  too  low  to  allow  excitation  of  atomic 
species;  (b)  because  their  coherence  time  is  in  the  subpicosecond  range,  photon  waveforms  are 
not  resolvable  by  existing  photodetectors;  and  (c)  their  short  coherence  length,  100  m,  is 
prohibitively  small  for  long  distance  quantum  communication.  Following  the  field-opening 
works  of  Fukin  (at  Harvard)  and  Kimble  (at  Caltech)  groups,  MURI  work  led  to  a  source  of 
paired  photons  that  decisively  overcomes  the  aforementioned  limitations.  This  source  makes  use 
of  slow  light  with  a  variable  group  velocity  thereby  allowing  the  control  of  the  width,  and  to 
some  extent,  of  the  shape  of  the  quantum  wave  packet. 

MURI- supported  research  has  led  to  a  DARPA  supported  program  in  cold  atom  based  inertial 
sensors.  As  the  MURI  project  comes  to  a  close,  much  of  the  technical  effort  is  augmented  by  a 
DARPA  effort  supporting  the  development  of  atom  chip  technology  for  inertial  navigation 
applications.  Indeed,  it  can  be  said  this  MURI  led  to  DARPA’ s  interest  and  funding  in  this 


arena.  In  any  case,  the  atom  chip  related  work  reported  here  is  also  partially  supported  under  the 
DARPA  PINS  program. 

Cornell  and  Anderson’s  work  on  an  atom  chip  interferometer  succeeded  in  demonstrating  a  10 
ms  coherence  time.  Roughly  speaking,  the  signal-to-noise  performance  of  cold-atom  sensors 
will  improve  linearly  as  the  coherence  time  becomes  longer.  Long-term  targets  seek  coherence 
time  of  100  ms  to  1000  ms.  It  has  been  unclear  whether  the  guiding  experiments  coherence  times 
had  been  limited  by  technical  or  fundamental  phenomena.  For  that  reason,  Alex  Zozulya  carried 
out  a  theoretical  analysis  of  the  experiment,  showing  that  under  certain  circumstances  coherence 
time  could  be  limited  by  slow  atomic  collisions.  The  latter  work  is  a  guide  to  further 
experiments,  in  which  we  have  already  shown  that  coherence  times  can  be  greater  than  100  ms. 

The  last  interim  report  described  Anderson’s  demonstration  of  a  BEC  in  a  small,  portable 
vacuum  cell.  Two  major  steps  have  taken  place  since  then:  first,  the  size  of  the  system  has  been 
further  reduced  -the  vacuum  system  can  be  held  in  one  hand.  Second,  we  eliminated  all  epoxy 
from  the  cell  construction.  This  should  lead  to  much  longer  lifetimes  for  the  vacuum  integrity  of 
the  UHV  cells.  The  epoxyless  construction  is  enabled  by  anodic  bonding  between  the  silicon 
atom  chip  and  the  pyrex  cell  of  the  vacuum  system.  Electrical  connections  to  the  chip  are  made 
possible  by  a  new  UHV  compatible  process  of  forming  electrical  vias  through  the  atom  chip. 
Using  this  new  technology  we  successfully  demonstrated  atom  guiding  around  a  curve  in  one  of 
our  portable  vacuum  systems. 

In  earlier  work  Wieman’s  group  investigated  the  control  of  atom-atom  interactions  through 
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Feshbach  resonances.  Recently  the  spontaneous  dissociation  of  Rb  dimmers  in  the  highest 
lying  vibrational  level  has  been  observed  in  the  vicinity  of  the  Feshbach  resonance,  which  was 
used  to  produce  them.  Feshbach  resonances  allow  one  to  control  the  collisional  interaction 
among  pairs  of  atoms  using  a  magnetic  field.  In  fact,  they  have  provided  a  means  to  produce  and 
study  ultracold  molecules.  In  this  contract  period,  Dr.’s  Wieman,  Cornell,  and  Jin  published  a 
systematic  study  of  the  production  efficiency  of  ultracold  Feshback  molecules  in  both  bosonic 
and  fermionic  systems.  Feshbach  resonance  techniques  have  proven  to  be  very  powerful  and  in 
particular,  led  MURI  researcher  Dr.  Debbie  Jin  to  observe  cooper  pair  formation  in  a  degenerate 
Fermi  gas  of  ultracold  atoms. 

Harris’s  group  has  looked  at  electromagnetically  induced  transparency  (EIT)  in  an  optically 
thick,  cold  medium;  the  cold  medium  creates  a  unique  system  where  pulse-propagation  velocities 
may  be  orders  of  magnitude  less  than  c  and  optical  nonlinearities  become  exceedingly  large.  As 
a  result,  nonlinear  processes  become  very  efficient  at  low  light  levels.  Harris  has,  in  fact,  now 
studied  frequency  mixing  in  ultracold  atoms  using  EIT  techniques.  In  this  period,  the  Harris 
group  significantly  demonstrated  the  generation  of  paired  photons  with  controllable  waveforms. 
The  significance  lies  in  the  utility  of  paired  photons  in  quantum  cryptography  and  quantum 
computing. 

In  a  related  vein,  Hau’s  group  demonstrating  the  storing  and  processing  of  optical  information 
using  ultra-slow  light  in  BEC’s. 


